We carry out a phase curve analysis of the KELT-9 system using photometric observations from NASA's Transiting Exoplanet Survey Satellite. The measured secondary eclipse depth and peakto-peak atmospheric brightness modulation are 651 ± 15 ppm and 569 ± 14 ppm, respectively. The planet's brightness variation reaches maximum 26±5 minutes before the midpoint of secondary eclipse, indicating a slight eastward shift in the dayside hotspot. We also detect stellar pulsations on KELT-9 with a characteristic period of 7.58678 ± 0.00091 hours. The dayside brightness temperature assuming zero geometric albedo is 4570 ± 90 K, and the nightside temperature is 3020 ± 90 K, comparable to the dayside temperatures of the hottest known exoplanets. In addition, we detect a significant phase curve signal at the first harmonic of the orbital frequency and a marginal signal at the second harmonic. While the amplitude of the first harmonic component is consistent with the predicted ellipsoidal distortion modulation assuming equilibrium tides, the phase of this photometric variation is shifted relative to the expectation. Placing KELT-9b in the context of other exoplanets with phase curve observations, we find that the elevated nightside temperature and relatively low day-night temperature contrast agree with the predictions of atmospheric models that include H 2 dissociation and recombination. The nightside temperature of KELT-9b implies an atmospheric composition containing 52% molecular and 48% atomic hydrogen, and an emission spectrum lacking the broadband molecular features that are prominent on cooler hot Jupiters. Meanwhile, the near-infrared transmission spectrum is predicted to be similarly featureless, with a positive slope due to H − opacity.
INTRODUCTION
Ultra-hot Jupiters (UHJs) are emerging as a distinct class of short-period gas giants, with unique physical processes shaping their atmospheric composition and dynamics that are not found on cooler planets. UHJs are characterized by dayside temperatures exceeding arXiv:1910.01607v1 [astro-ph.EP] 3 Oct 2019 T day = 2500 K. These planets lie in an extreme irradiation regime where thermal dissociation of molecules produces a dayside atmosphere dominated by atomic gases (e.g., Arcangeli et al. 2018; Hoeijmakers et al. 2018 Hoeijmakers et al. , 2019 . Here, H − is predicted to be the primary contributor to the continuum opacity (Bell & Cowan 2018; Kitzmann et al. 2018; Lothringer et al. 2018; Parmentier et al. 2018) , which has been invoked to explain the featureless blackbody-like near-infrared emission spectra measured for several UHJs (e.g., Arcangeli et al. 2018; Kreidberg et al. 2018; Mansfield et al. 2018) . In addition, the presence of refractory elements such as Fe and Mg can enhance absorption at UV and optical wavelengths and induce a significant dayside temperature inversion, even as other strong optical absorbers (e.g., TiO and VO) begin to dissociate at these high temperatures (Kitzmann et al. 2018; Lothringer et al. 2018) .
Phase curve measurements provide a first-order picture of a planet's longitudinal brightness distribution (e.g., Cowan & Agol 2008; Shporer 2017) . At wavelengths where the thermal emission of the planet dominates, the amplitude and phase shift of the phase curve variation allow us to measure the day-night brightness temperature contrast and the dayside hotspot offset relative to the substellar point (e.g., Showman et al. 2013; Heng & Showman 2015; Parmentier & Crossfield 2017) . Both of these properties reflect the efficiency of heat transport in the atmosphere, and as the number of measured exoplanet phase curves has grown dramatically over the past decade alongside improvements in atmospheric modeling, several salient trends have emerged. General circulation models of exoplanet atmospheres predict an increase in the day-night temperature contrast and a corresponding decrease in the dayside hotspot offset as the level of incident stellar irradiation increases (e.g. Perna et al. 2012; Perez-Becker & Showman 2013; Komacek & Showman 2016) .
While this trend has been shown to hold for moderatelyirradiated (T day < 2500 K) hot Jupiters (Schwartz et al. 2017; Zhang et al. 2018; Keating et al. 2019) , several UHJs deviate from the expected behavior. Recent phase curve measurements of WASP-33b (Zhang et al. 2018) and WASP-103b (Kreidberg et al. 2018 ) indicate relatively small day-night temperature contrasts when compared to their cooler counterparts. It has been suggested that the transport of thermally dissociated atomic hydrogen to the nightside and subsequent recombination into H 2 release a significant amount of heat, which serves to moderate the temperature contrast between the two hemispheres (Bell & Cowan 2018; Komacek & Tan 2018) . These models predict a rollover in the relationship between day-night temperature contrast and dayside equilibrium temperature at around 2500 K, above which the effect of hydrogen recombination amplifies heat recirculation. From an empirical study of Spitzer phase curves, Zhang et al. (2018) suggested an analogous rollover in the trend of mea-sured dayside hotspot offsets, with the hottest UHJs displaying somewhat elevated offset amplitudes relative to cooler planets. However, there is significant scatter in the relationship between dayside hotspot offsets and irradiation, with some UHJs such as WASP-103b showing no evidence for a dayside hotspot offset (Kreidberg et al. 2018) . These results suggest diversity in the circulation patterns of these planets, necessitating further observational and theoretical study.
The Transiting Exoplanet Survey Satellite (TESS ) has proven to be a powerful tool for time-domain exoplanet science. The high temperatures of UHJs make them particularly amenable to detailed phase curve analysis, since their thermal emission can be easily detected even at optical wavelengths. TESS phase curves have been published for WASP-18b (Shporer et al. 2019) , WASP-19b (Wong et al. 2019b) , and WASP-121b (Daylan et al. 2019; Bourrier et al. 2019) .
In this paper, we present the TESS phase curve of the most extreme UHJ discovered to date -KELT-9b. This 2.9 M J planet lies on a near-polar 1.48-day orbit around a massive, rapidly-rotating A0/B9 star (M = 2.3 M , R = 2.4 R , T eff = 10170 K) and has a dayside equilibrium temperature of ∼4600 K, similar to that of a mid-K star (Gaudi et al. 2017 ). Follow-up observations have revealed many characteristics that are hallmarks of UHJs, including an extended, escaping atmosphere of dissociated hydrogen (Yan & Henning 2018 ) and spectral features from ionized Fe, Ti, Mg, Na, Cr, Sc, and Y in optical transmission spectroscopy (Hoeijmakers et al. 2018 (Hoeijmakers et al. , 2019 Cauley et al. 2019) .
By measuring the secondary eclipse and phase curve variation in the TESS bandpass, we characterize the longitudinal temperature distribution and atmospheric heat transport on this exceptional planet and place our results in the context of other UHJs. We combine our results with those from a recent analysis of the full-orbit 4.5 µm Spitzer phase curve (Mansfield et al. 2019 ). In addition, we search for the photometric modulation due to ellipsoidal tidal distortion of the host star and compare the fitted amplitude and phase of this variability signal with the predictions from stellar astrophysics.
The structure of the paper is as follows. In Section 2, we briefly describe the TESS observations and data analysis methodologies. The results of the phase curve analysis are presented in Section 3, and in Section 4, we explore the implications of our findings in relation to the dayside and nightside temperature contrast, atmospheric dynamics, the predicted stellar tidal distortion, and overall trends in exoplanet phase curves. A short summary is provided in Section 5.
OBSERVATIONS AND DATA ANALYSIS 2.1. TESS light curve
The KELT-9 system was observed by Camera 1 of the TESS spacecraft during Sector 14 (UT 2019 July 18 to August 14) and Sector 15 (UT 2019 August 15 1 2 3 4 5 6 7 10 8 9 Figure 1 . The outlier-removed and normalized Presearch Data Conditioning (PDC) light curve of KELT-9 from TESS Sectors 14 and 15. The large gaps in data correspond to episodes of severe stray light contamination on the detector. The vertical blue dashed lines indicate the momentum dumps that occurred during each of the two spacecraft orbits, which separate the light curve into ten segments (labeled 1-10). The pairs of solid blue lines indicate the boundaries between spacecraft orbits. The red points demarcate the transits as well as the data segments at the start of each spacecraft orbit during which short-term flux ramps occurred. All of the red points were trimmed prior to fitting.
to September 11). KELT-9 is listed in the TESS input catalog (TIC; Stassun et al. 2018) as TIC 16740101 and is included in the list of pre-selected target stars that are observed with a 2-minute cadence using an 11×11 pixel subarray centered on the target. The photometric data were processed through the Science Processing Operations Center (SPOC) pipeline (Jenkins et al. 2016 ), hosted at the NASA Ames Research Center, which is largely based on the predecessor Kepler mission pipeline (Jenkins et al. 2010 (Jenkins et al. , 2017 . After downloading the data from the Mikulski Archive for Space Telescopes (MAST), we proceeded to analyze the light curves following methodologies that are largely identical to the ones described in previous TESS phase curve papers (Shporer et al. 2019; Wong et al. 2019b ). We used the Presearch Data Conditioning (PDC, Smith et al. 2012; Stumpe et al. 2014 ) light curves from the SPOC pipeline, which have been corrected for instrumental systematics and contamination from nearby stars.
Data obtained during Sectors 14 and 15 were occasionally affected by severe stray light contamination on the detector. The SPOC pipeline flagged those exposures and set the fluxes as NaN. In addition, data points preceding and following the episodes of stray light contamination exhibited higher than normal background fluxes and were also flagged in the PDC data. Out of 19,337 2-minute frames obtained by TESS in Sector 14, 8,603 (44%) were flagged -the vast majority due to stray light; in Sector 15, 37% of data points (6,973 out of 18,757) were flagged. We removed all flagged data points from the light curve and then applied a 16-point moving median filter to the photometric time series to trim 3σ outliers.
The transits of KELT-9b show significant deviations from the typical transit light curve shape. These asymmetries are attributable to the gravity-darkened photosphere of the rapidly-rotating host star and have been reported for a handful of other transiting systems with hot host stars, including Kepler-13A (Barnes et al. 2011 ), Kepler-462 (Ahlers et al. 2015 , and HAT-P-70 (Zhou et al. 2019) . Detailed, dedicated analyses of the gravitydarkened transit of KELT-9b in TESS photometry are described in separate papers (Wachiraphan et al.; Ahlers et al., in preparation) . In our phase curve analysis, we trimmed the transits from the light curve prior to fitting.
During normal spacecraft operation, the photometric observations during each Sector are interrupted by scheduled momentum dumps. These events can cause discontinuities in flux and, in some cases, short-term photometric variability before and/or after. These instrumental artifacts are not fully removed by the PDC pipeline and can present difficulties for the systematics detrending during our fits. Following previous work, we split each orbit's time series into segments separated by the momentum dumps. We found that the first segment of each spacecraft orbit exhibits a discernible flux ramp within the first half-hour. After inspecting the binned residuals from the phase curve fit to each segment, we removed the transient flux features by trimming the first 0.25 day worth of data from segments 1, 4, and 7, and the first 0.5 day worth of data from segment 9. The outlier-trimmed, median-normalized light curve is shown in the top panel of Figure 1 , with the momentum dumps and light curve segments indicated in blue and the trimmed points marked in red. The final light curve contains 18,359 data points.
Phase curve model
Our phase curve fitting was done using the Pythonbased ExoTEP pipeline (e.g., Benneke et al. 2019; Shporer et al. 2019; Wong et al. 2019a ). The secondary eclipse light curve λ e (t) is modeled using batman (Kreidberg 2015) and is defined to be zero at mid-eclipse and unity out of eclipse. The phase curve variation is modeled as an nth-order Fourier series at the orbital phase (φ ≡ 2π(t − T 0 )/P , where T 0 is the transit time, and P is the orbital period) and is split into two components, one describing the photometric signal from the host star and another containing terms attributed to the planet's brightness variation:
The planet's atmospheric brightness modulation around its mean valuef p has a semi-amplitude B 1 and a phase shift δ. It follows that the secondary eclipse depth (i.e., the planet's dayside flux at superior conjunction) is precisely the value of ψ p (t) at phase π, while the nightside flux of the planet's atmosphere is calculated at phase 0: D d =f p + B 1 cos(π + δ) and D n =f p + B 1 cos(δ). All remaining photometric variability is associated with the host star. Out of these terms, the first harmonic of the cosine B 2 is attributable to the typical photometric variation arising from ellipsoidal distortion of the host star (e.g., Morris 1985; Morris & Naftilan 1993; Pfahl et al. 2008 ). We did not include the fundamental of the sine term in the star's flux model, which is degenerate with a phase shift in the planet's brightness modulation in the combined phase curve. A signal at this frequency and phase can arise from Doppler boosting (e.g., the TESS phase curve of WASP-18; Shporer et al. 2019) , which stems from periodic blue-and redshifting of the stellar spectrum as well as modulations in photon emission rate in the observer's direction due to the radial velocity of the host star induced by the orbiting planet (e.g., Shakura & Postnov 1987; Loeb & Gaudi 2003; Shporer et al. 2010) . We computed the predicted strength of the Doppler boosting signal for the KELT-9 system using the formulation in Esteves et al. (2013) and obtained a semi-amplitude of 4 ppm, well below the characteristic uncertainties in the measured phase curve amplitudes.
The combined normalized astrophysical phase curve and secondary eclipse model is as follows:
We modeled any remaining long-term photometric variability in the PDC light curves due to residual uncorrected systematics or stellar variability using generalized polynomials in time:
Here, t 0 is the time of the first exposure in segment i, and N is the order of the detrending polynomial. We optimized the polynomial order of the detrending polynomial for each segment by carrying out individual segment phase curve fits and choosing the order that minimized the Bayesian Information Criterion BIC ≡ γ log m − 2 log L, where γ is the number of free parameters in the fit, m is the number of data points in the segment, and L is the maximum log-likelihood. For the ten data segments, the optimal polynomial orders were 3, 1, 1, 0, 0, 1, 4, 4, 6, 3, respectively. The combined phase curve and systematics model of KELT-9 is
Stellar pulsations
We detected a separate periodic variation in the TESS photometry with a frequency unrelated to the orbital period of KELT-9b. The top panel of Figure 2 shows the Lomb-Scargle periodogram of the residuals from a joint light curve fit using the model in Equation (5). A strong signal with a characteristic period of roughly 0.316 days is evident. This additional periodicity was also detected in the Spitzer 4.5 µm light curve (Mansfield et al. 2019) .
We obtained light curves produced by the Quick Look Pipeline (Huang et al. 2018 ) for all nearby sources brighter than 13th magnitude in the TESS band that lie within 6 of KELT-9. When inspecting the individual periodograms, we did not find any significant periodicity at the frequency seen in the KELT-9 light curve. We therefore attribute this periodic signal to stellar pulsations on KELT-9. In our light curve analysis, we addressed this contribution to the overall photometric variability by simultaneously fitting for the stellar pulsation Figure 2 . Top: Lomb-Scargle periodogram of the residual array from the joint phase curve fit without accounting for the stellar pulsations of KELT-9 (Fit A). The frequencies are defined using the orbital period of KELT-9b. The strong peak in the power spectrum corresponds to a characteristic pulsation period of 7.59 hours. Bottom: Same as top plot, but for the phase curve fit that includes stellar pulsation modeling (Fit B). Horizontal lines indicate statistical significance thresholds. Note the difference in vertical axis scale between the two plots. signal in our joint phase curve analysis. The stellar pulsations were modeled with three additional free parameters:
where ξ ≡ 2π(t − T 0 )/Π is the phase given a stellar pulsation period Π, and α and β are the semi-amplitudes of the Fourier components of the pulsation signal. The full phase curve model with stellar pulsation modeling is
We found that including just the fundamental at the stellar pulsation period removed all significant periodicity at this frequency in the resultant residuals, as illustrated in the bottom panel of Figure 2 . As an independent check, we experimented with adding higher order terms at the stellar pulsation period or sinusoidal terms with different periods and found no improvement to the BIC.
There are a few peaks in the power spectrum with roughly 3σ significance at frequencies around 1.85/period. These frequencies are unrelated to the planet's orbital frequency, while being near the 2:5 commensurability with the primary stellar pulsation frequency. To determine whether these signals are astrophysical or due to residual noise in the time series, more data are needed (e.g., from the TESS Extended Mission).
Model fitting
As discussed previously, we removed the transits from the TESS light curve prior to fitting. To constrain the shape of the secondary eclipse we placed Gaussian priors on the impact parameter b, scaled semi-major axis a/R * , planet-star radius ratio R p /R * using the results from Gaudi et al. (2017) : b = 0.177 ± 0.014, a/R * = 3.153 ± 0.011, R p /R * = 0.08228 ± 0.00043. The orbital eccentricity was fixed to zero, following other literature analyses (Gaudi et al. 2017; Borsa et al. 2019; Mansfield et al. 2019) , and we fit for the transit ephemerisorbital period P and mid-transit time T 0 . The assumption of a circular orbit means that the mid-eclipse time was fixed to an orbital phase of 0.5. We carried out two separate joint fits of all ten data segments from Sector 14 and 15 TESS photometry: Fit A, using the phase curve model in Equation (5), which does not account for stellar pulsations, and Fit B, which simultaneously fit for the phase curve and stellar pulsations, following Equations (6) and (7).
All phase curve harmonics up to k = 3 were included in the astrophysical phase curve model. Including higher order terms resulted in amplitudes consistent with zero and no improvements to the BIC. This conclusion is also illustrated by the residual periodograms in Figure 2 , where no peaks at integer multiples of the orbital frequency are evident. For each of the six light curve segments, we defined a uniform per-point uncertainty σ i to ensure that the reduced chi-squared value is unity and self-consistently generate realistic uncertainties on the astrophysical fit parameters. In total, there were 55 free parameters in Fit A (including systematics coefficients c {i} j , noise parameters σ i , and astrophysical quantities subject to prior constraints) and 58 in Fit B.
The ExoTEP pipeline utilizes the affine-invariant Markov Chain Monte Carlo (MCMC) ensemble sampler emcee (Foreman-Mackey et al. 2013) to simultaneously calculate the posterior distributions of all free parameters. The number of walkers was set to four times the number of free parameters. The length of each chain was 50,000 steps, and we used only the last 40% of each chain for calculating the posterior distributions. To check for convergence, we applied the Gelman-Rubin test (Gelman & Rubin 1992) and ensured that the diagnostic valueR was well below 1.1. Table 1 lists the medians and 1σ uncertainties for all free parameters in our two fits. From the stellar pulsation modeling in Fit B, we obtained a characteristic pulsation period of 7.58678±0.00091 hours and a combined peak-to-peak amplitude of 2× α 2 + β 2 = 235±8 ppm. For all free and derived parameters common to Fits A and B, the measured values agree with each other to within 1σ. This demonstrates that the presence of the stellar pulsation signal and our efforts to address it in the phase curve fit do not induce any significant biases in the results. In the following discussion, we utilize the values from Fit B as the primary results of the paper. The phase-folded, systematics-and stellar pulsationcorrected light curve is shown in Figure 3 along with the best-fit model and corresponding residuals. There is some discernible time-correlated noise in the phased residuals. Inspecting the residual arrays for each individual data segment, we did not find any strong features at those locations in the orbit, suggesting that the apparent residual features in the joint fit are likely due to smaller phase-aligned deviations across multiple segments. We carried out separate fits of the Sector 14 and Sector 15 light curves and found that, while the instances of apparent time-correlated noise in the phased residuals occurred at different locations in the two Sectors, all corresponding fitted parameter values lay within 1.5σ of each other. This demonstrates that the residual features in Figure 3 are not expected to have any significant effect on the results.
RESULTS
We detected a strong atmospheric brightness modulation signal with a semi-amplitude of 284.4 +7.1 −7.0 ppm and a small but statistically significant phase shift of δ = 4. • 4 ± 0. • 9. From this phase shift, we infer a slight eastward offset in the location of KELT-9b's maximum dayside brightness relative to the sub-stellar point. Given the fitted average planet fluxf p and atmospheric brightness semi-amplitude B 1 , we used our parameterization of the planet's flux in Equation (1) to obtain the secondary eclipse depth and nightside flux (diskintegrated brightness of the planet at mid-transit) -651 +15 −14 ppm and 85 ± 13 ppm, respectively. The top panel of Figure 4 shows the variation in KELT-9b's diskintegrated brightness with orbital phase.
In addition, we measured significant phase curve coefficients at the first (k = 2) and second (k = 3) harmonics of the orbital phase. Combining the sine and cosine terms at the first harmonic produces a single sinusoidal modulation with a semi-amplitude of 42.5 ± 4.1 ppm (10.4σ) that comes to maximum 0.201 ± 0.020 in orbital phase (7.14 ± 0.69 hr) after quadrature. The combined second harmonic modulation is detected at a marginal significance and has a semi-amplitude of 14.6 ± 5.0 ppm (2.9σ). Both the first and second harmonic modulations are illustrated in Figure 4 . We discuss the various implications of these higher order terms in Section 4.2. The orbital period from our phase curve analysis is consistent with the previous literature value of P = 1.4811235 ± 0.0000011 days, albeit with larger error bars due to the removal of planetary transits from the light curve prior to fitting. Meanwhile, when comparing the fitted mid-transit time to the corresponding prediction derived from propagating the literature ephemeris (T 0 = 2458711.5915 ± 0.0012), we infer that the transits during the TESS observations occurred roughly 7.2 minutes (3.9σ) earlier than predicted. Without transits in the analyzed time series, our constraints on the midtransit time came from measuring the timings of the secondary eclipses and assuming an orbital eccentricity of zero, as in previous work (Gaudi et al. 2017; Borsa et al. 2019; Mansfield et al. 2019) . We posit that the source of the timing discrepancy is likely to be degradation of the published transit ephemeris, which was derived from observations taken during 2007-2013. However, we are unable to rule out a small orbital eccentricity. A careful analysis of the gravity-darkened TESS transits would help update the transit ephemeris and yield direct constraints on the eccentricity.
DISCUSSION
The phase curve analysis described in the previous sections provides a detailed look at the atmospheric brightness modulation of KELT-9b across all longitudes. In addition, we have detected significant higher-order periodic signals in the TESS photometry. In this section, we interpret these results to derive constraints on the temperature distribution of KELT-9b, place the planet into the broader context of gas giants with measured phase curves, and explore the potential for future intensive atmospheric characterization.
Brightness temperature distribution
At superior conjunction, the planet-star flux ratio (i.e., secondary eclipse depth) can be expressed as a function of various fundamental properties of the system (e.g., Equation (4) of Heng & Demory 2013):
The first term describes the contribution from the planet's thermal emission. R p /R * is the planet-star radius ratio, T eff is the host star's effective temperature, and T p,day is the disk-averaged brightness temperature of the planet's observer-facing hemisphere. The planetary and stellar spectra F p (λ, T p ) and F * (λ, T eff ) are integrated across the TESS transmission function τ (λ). The second term represents reflected light off the planet's dayside atmosphere, where A g is the geometric albedo in the TESS bandpass, and a is the orbital semi-major axis.
To account for the uncertainties in the stellar parameters and propagate them to the brightness temperature estimates, we calculated the integrated stellar flux in the TESS bandpass for a grid of ATLAS models (Castelli & Kurucz 2004) spanning the ranges T eff = [8000, 12000] K, [M/H] = [−1.0, +0.5], and log g = [3.5, 4.5]. To obtain a simple empirical model of the integrated stellar flux, we fit a linear polynomial in (T eff ,[M/H],log g) to the calculated values; including higher-order terms did not improve the fit. We computed the posterior distribution of the dayside brightness temperature using a Monte Carlo sampling method, given priors on the stellar properties and system parameters from Gaudi et al. (2017) . We assume a blackbody for the planet's emission spectrum. Both direct measurements and atmospheric models demonstrate that hot Jupiters tend to have very low reflectivities (e.g., Heng & Demory 2013) . Furthermore, the extremely hot dayside of KELT-9b is expected to preclude the formation of any condensate clouds that might enhance the geometric albedo (see Section 4.3). Here, we allow for a generous range of geometric albedos spanning 0 through 0.2.
For zero geometric albedo, we derive a dayside brightness temperature of T p,day = 4570 ± 90 K. Across the range of geometric albedos we consider, the dayside temperature varies from 4320 to 4570 K. The measured dayside temperature of KELT-9b is comparable to those of mid-K dwarfs. The dayside brightness temperature measured from the Spitzer 4.5 µm secondary eclipse is 4570 ± 140 K (Mansfield et al. 2019) , statistically identical to our estimate assuming zero geometric albedo.
An analogous calculation using the measured nightside flux (and no reflected light) yields a very high nightside temperature of 3020 ± 90 K. This means that the nightside of KELT-9b is hotter than the dayside of almost all known exoplanets and comparable to the atmosphere of a mid-M dwarf. The corresponding brightness temperature estimate from the Spitzer 4.5 µm phase curve is 2560 ± 100 K (Mansfield et al. 2019) . The lower brightness temperature in the near-infrared indicates that the nightside emission spectrum of KELT-9b deviates from that of a simple blackbody, perhaps due to wavelength-dependent H − opacity (see Section 4.4 for more discussion).
The difference between the dayside and nightside temperatures of a planet reflects the efficiency of heat transport from the dayside to the nightside, e.g., by zonal winds. The more inefficient the heat recirculation is, the larger the day-night temperature contrast. Following Cowan & Agol (2011) , the relationship between irradiation, heat recirculation, and dayside and nightside temperatures can be expressed as
where A B is the Bond albedo (i.e., the fraction of total incident stellar irradiation that is reflected), and is a fiducial parameter that indicates the relative efficiency of heat transport, with 0 corresponding to no day-night heat recirculation and 1 corresponding to full recirculation. By simultaneously fitting to the measured dayside and nightside temperatures in the TESS bandpass using Equations (9) and (10), with Gaussian priors on T * and a/R p from literature values, we obtain A B = 0.19 +0.13 −0.11 and = 0.39 ± 0.04. These results indicate relatively efficient day-night heat transport. The measured heat recirculation parameter will be placed into context with other planets in Section 4.3.
Ellipsoidal distortion and higher order terms
In binary systems, the orbiting companion raises a tidal bulge on the surface of the host star, which incurs periodic variations in the star's sky-projected area. The observer-facing profile of the host star is expected to come to maximum at quadrature, producing a photometric modulation with a leading term at the first harmonic of the cosine. The amplitude of this variation can be related to fundamental properties of the system via the theoretical formalism described in Kopal (1959) . Using the notation of Morris (1985) and Morris & Naftilan (1993) , we can express the dominant amplitude B 2 as
where M p /M * is the planet-star mass ratio, and the prefactor Z ellip depends on the star's linear limb darkening and gravity darkening coefficients and is of order unity. The planet also experiences ellipsoidal distortion, but the amplitude is smaller than the stellar signal by a factor of at least (R p /R * ) 3f p /(M p /M * ) 2 ∼ 0.5% and can thus be safely ignored.
Using limb and gravity darkening coefficient values computed by Claret (2017) in the TESS bandpass for the nearest available combination of stellar parameters (u 1 = 0.3494, γ 1 = 0.4355), we calculate a predicted ellipsoidal distortion amplitude of 46 ± 7 ppm. Looking back to the results from our phase curve fit, we find that while the total amplitude of the photometric variation at the first harmonic (42.5 ± 4.1 ppm) is consistent with the predicted amplitude, there is a very significant phase offset in the modulation relative to the expectation. In Figure 4 , we plot the measured first harmonic modulation (solid curve) alongside a signal with the same amplitude, but at the expected cosine phasing (dotted curve).
Here, we qualitatively outline three possible explanations for deviations in the amplitude and/or relative phase of the first harmonic photometric modulation. First, mismatches between the measured and expected ellipsoidal distortion signals might arise due to an oversimplification of the tidal dynamics of hot stars. The formalism of Kopal (1959) was developed under the equilibrium tide approximation, which assumes that the distorted star maintains hydrostatic balance. This approach ignores fluid inertia, stellar rotation, and the possibility of excited normal modes of oscillation, i.e., the dynamical tide. Detailed numerical modeling of the tidal response in binary systems has shown that interactions between the dynamical tide and the gravitational influence of the orbiting companion can yield large steady-state deviations in both amplitude and relative phase from the equilibrium tide predictions (Pfahl et al. 2008) , especially in the case of massive stars with largely radiative envelopes, such as KELT-9. Burkart et al. (2012) modeled the surface flux perturbation due to equilibrium and dynamical tides on KOI-54 (M = 2.32 ± 0.10 M , R = 2.19 ± 0.03 R ), an A-type star similar to KELT-9 (M = 2.32 ± 0.16 M , R = 2.418 ± 0.058 R ; Borsa et al. 2019) . They found that for orbital periods less than about 3 days, the tidal response of the star can act like a forced oscillator, with the relative phase between the maximum stellar surface displacement and the orbiting companion varying from − 1 4 to + 1 4 depending on the proximity of the orbital period to resonances and the damping of the stellar oscillation modes. Phase curve observations throughout the Kepler era have revealed other binary systems with A-type host stars displaying similar discrepancies in the amplitude (both positive and negative deviations) and/or phase of the ellipsoidal distortion signal, including KOI-74 (Rowe et al. 2010; van Kerkwijk et al. 2010; Ehrenreich et al. 2011; Bloemen et al. 2012 ) and KOI-964 (Carter et al. 2011; Wong et al. 2019c ).
The second explanation relates to the peculiar nearpolar orbit of KELT-9b. Unlike in the case of an equatorial orbit, the star's surface gravity in the region closest to the orbiting companion changes periodically across the orbit for systems with large spin-orbit misalignments. The surface gravity is highest near the star's poles of rotation, which attenuates the magnitude of the tidal distortion relative to when the planet passes over the star's equator, where the surface gravity is lowest. The surface gravity modulation has two maxima and two minima per orbit, which results in an additional tidal signal from the star at the first harmonic of the orbital period. The Doppler tomography analysis of the KELT-9 transit from Gaudi et al. (2017) reveals the near-polar spin-orbit misalignment, and the low impact parameter means that the star's spin axis lies close to a plane that is perpendicular to the sky plane. However, there are no additional constraints on the three-dimensional orientation of the star's spin axis. Crucially, the star's spin axis need not be aligned with the observer-target axis, potentially yielding an offset in the total measured first harmonic photometric modulation.
Lastly, KELT-9b's near-polar orbit can also imprint a photometric signal at the first harmonic onto the planet's flux. While a tidally-locked planet in a circular, equatorial orbit experiences constant illumination on its dayside, this is not true for objects on near-polar orbits. Due to gravity darkening, the star is brightest at the poles. For KELT-9b, this effect would contribute an at-mospheric brightness signal at the first harmonic of the orbital period. Just as in the case of the periodic surface gravity variations mentioned above, the relative phasing of this time-variable insolation signal is not constrained and could contribute to the observed offset in the overall first harmonic variability signal.
We also measured a phase curve variation at the second harmonic with an amplitude of 14.6 ± 5.0 ppm. The theoretical model of the star's ellipsoidal distortion is expressed as an expansion in cosines of the orbital phase, and the second-order term lies at this harmonic (Kopal 1959) ; using the expressions in Morris & Naftilan (1993) , we computed a predicted amplitude of roughly 3 ppm, much smaller than the measured variation. Given the low significance of the second harmonic detection, the measured signal may be due to residual short-term instrumental systematics or other noise in the photometry. Looking at Figure 3 , we can see that the phase-folded residuals from the joint fit contain some traces of timecorrelated noise. However, if the signal is real, we may invoke the more complex tidal response of hot host stars as a plausible explanation for the larger than expected amplitude and significant phase offset of this photometric modulation. Notably, unexpected second harmonic phase curve signals have been detected in other systems, including HAT-P-7 (Armstrong et al. 2016) and Kepler-13A/KOI-13 (Esteves et al. 2013; Shporer et al. 2014 ).
Placing KELT-9b in context
The growing number of well-measured phase curves has motivated the search for systematic trends that may elucidate the underlying physical processes driving the atmospheric dynamics in exoplanet atmospheres. KELT-9b lies at the high-temperature extreme of the known exoplanets and we now place the planet into the wider context of hot gas giants.
The most salient trend that has emerged from phase curve studies is the relationship between day-night temperature contrast and the level of stellar irradiation. As discussed in the Introduction, phase curve observations have revealed a systematic increase in the day-night temperature contrast with increasing dayside equilibrium temperature up to roughly 2500 K, after which the trend appears to reverse (e.g., Schwartz et al. 2017; Zhang et al. 2018; Keating et al. 2019 ). This trend is largely consistent with the predictions of general circulation models (e.g., Perna et al. 2012; Perez-Becker & Showman 2013; Komacek & Showman 2016) . The addition of H 2 dissociation and recombination to the energy balance of the hottest planets has been invoked to explain the turnaround in the observed trend at ∼2500 K Bell & Cowan (2018) ; Komacek & Tan (2018) , though only a handful of planets in this temperature range have previously been observed across the full orbital phase.
Our analysis of the KELT-9b phase curve allows us to test the predictions of the H 2 recombination hypothesis. Keating et al. (2019) calculated heat recirculation WASP-121b Figure 5 . Plot of heat recirculation parameter (Equations (9) and (10)) versus dayside equilibrium temperature for 13 transiting objects with published Spitzer phase curves (black points; Keating et al. 2019) . Newly computed values for KELT-9b and WASP-121b are plotted in red and green, respectively. While there is significant scatter, the previously reported correlation between increasing dayside equilibrium temperature and decreasing heat transport efficiency is discernible for planets below Teq ∼ 2500 K. The addition of KELT-9b reveals the turnaround in the trend of day-night heat transport efficiency at around 2500 K, which is consistent with H2 dissociation and recombination and its effect on moderating day-night temperature contrasts on the hottest planets.
parameter values for 13 hot Jupiters and brown dwarfs from Spitzer phase curves, as defined in Section 4.1. In Figure 5 , we plot the published values from their work along with our measurement for KELT-9b. The equilibrium temperature T eq = T * R * /2a is used as a proxy for the level of stellar irradiation on the dayside atmosphere. We also include the value we computed for WASP-121b, using the phase curve results of Daylan et al. (2019) and Bourrier et al. (2019) 
The value of KELT-9b is elevated relative to those of cooler planets with dayside equilibrium temperatures between 2000 and 3000 K. The inclusion of KELT-9b reinforces the previously suggested turnaround in the trend of day-night temperature contrast with irradiation level predicted by the H 2 recombination hypothesis. Further phase curve studies of exoplanets are needed, particularly for planets with equilibrium temperatures between 3000 K and 3500 K in order to robustly confirm or refute these apparent trends. No such planets have hitherto been discovered. Keating et al. (2019) previously reported a nearly constant nightside temperature of about 1100 K for a sample of 12 hot Jupiters, which they attributed to the presence of opaque nightside clouds. In Figure 6 , we have ex- 
Prospects for atmospheric characterization
In Figure 6 , we have added estimates of the nightside temperature of KELT-9b given various mixing ratios of atomic and molecular hydrogen in the planet's atmosphere, following the methodology of Kitzmann et al. (2018) . Assuming a pure hydrogen gas in chemical equilibrium (Gail & Sedlmayr 2014; Heng et al. 2016 ) and an approximate photospheric pressure of 0.1 bar consistent with Bell & Cowan (2018) and Kitzmann et al. (2018) , the nightside temperature of 3020 K corresponds to an atmosphere with 52% H 2 and 48% H. If we consider the full range of nightside temperatures obtained (3020 ± 90 K), then the percentage of H 2 present is 44-60%. These estimates place KELT-9b in a slightly different regime than that considered in Bell & Cowan (2018) , where the nightside is assumed to be H 2 -dominated.
In Figure 6 , we have also overlaid condensation temperatures at 0.1 bar and solar metallicity for enstatite (MgSiO 3 ), titanium oxide (TiO) and corundum (Al 2 O 3 ). Enstatite and corundum are, respectively, the least and most refractory of the mineral clouds that are expected to form (Burrows et al. 2006) , while titanium oxide is believed to provide seed particles for high-temperature clouds (Helling & Woitke 2006) . The nightside temperature of KELT-9b is ∼1000 K higher than even the condensation temperature of corundum, implying a cloud-free nightside atmosphere.
The predominance of H − in shaping the spectral continuum implies that the dayside emission spectrum of KELT-9b will be a featureless blackbody (Bell & Cowan 2018; Kitzmann et al. 2018; Lothringer et al. 2018; Parmentier et al. 2018 ). Figure 7 shows some predictions for the nightside emission spectrum of KELT-9b, using the theoretical methodology described in Gaidos et al. (2017) and Hoeijmakers et al. (2019) . For the host star, we use a PHOENIX model (Hauschildt et al. 1999 ) that assumes a gravity of log g = 4 (cgs units), solar metallicity, and a stellar effective temperature of 10000 K. The temperature-pressure profile is computed using the analytical model of Guillot (2010) .
As the temperature increases from 1500 to 3500 K, the nightside emission spectrum becomes more blackbodylike. Small deviations from blackbody behavior are due to the star and not the planet. Also overplotted are the secondary eclipse measurements in the TESS(current study) and Spitzer 4.5 µm (Mansfield et al. 2019 ) bandpasses. The disagreement between the 3000 K model and measured flux values may be attributed to the use of the Guillot (2010) temperature-pressure profile and the assumption of solar metallicity. For example, a subsolar metallicity would render the atmosphere more transparent and increase the flux escaping from it in a manner that is not uniform across wavelength. We predict that future HST and JWST emission spectra of the nightside of KELT-9b would yield a more accurate estimate of the nightside temperature-pressure profile, but will not reveal spectral features. Detection of water and carbon monoxide, as predicted by theory (Kitzmann et al. 2018; Lothringer et al. 2018; Parmentier et al. 2018) , requires high-resolution spectroscopy from the ground. Figure 3 of Kitzmann et al. (2018) shows how carbon monoxide may be used as a metallicity diagnostic. Figure 7 also shows predictions for the transmission spectra of KELT-9b in the HST /WFC3 bandpass. At 2000 K, the familiar water feature at 1.4 µm is prominent, assuming a cloud-free day-night terminator. As the temperature increases from 2000 to 4000 K, the water abundance decreases by three orders of magnitude, while the H − abundance increases by two orders of magnitude (see Figure 2 of Kitzmann et al. 2018) . The transmission spectrum is predicted to be a nearly featureless spectral slope. The gradient of this slope is determined by the wavelength-dependent behavior of the H − cross section (John 1988 ), but the differences in gradient between 3000 and 4000 K is ∼20 ppm, which is probably undetectable with HST /WFC3. Nevertheless, measuring a flat transmission spectrum for KELT-9b would provide further evidence for the presence of H − and complementary constraints on the atmospheric temperature-pressure profile.
SUMMARY
We have presented a phase curve analysis of KELT-9 using photometry obtained by the TESS mission. The main results of this work are summarized below:
• The secondary eclipse depth of 651 +15 −14 ppm implies a dayside brightness temperature of 4570 ± 90 K, assuming zero geometric albedo; for albedos between 0 and 0.2, the dayside temperature ranges from 4320 to 4570 K. We measure a very hot nightside temperature of 3020±90 K, comparable to the atmosphere of a mid-M dwarf.
• The planet's atmospheric brightness modulation has a peak-to-peak amplitude of 569±14 ppm and a slight eastward hotspot offset of δ = 4. • 4 ± 0. • 9.
• We detect a stellar pulsation signal with a period of 7.58678±0.00091 hours and a peak-to-peak amplitude of 235 ± 8 ppm.
• The photometric variation of the host star is characterized by a strong signal at the first harmonic of the orbital frequency with a semi-amplitude of 42.5 ± 4.1 ppm. While the amplitude of this modulation is consistent with the predictions for ellipsoidal distortion, the relative phase of the measured signal lags behind the expected timing by 0.2P . We propose that this discrepancy may stem from interactions between the excited dynamical tide of the hot A-type primary star with the tidal bulge raised by the orbiting planet. The nearpolar orbit of KELT-9b may also affect the amplitude and phase of the tidal bulge, as well as induce an additional variation in the planet's brightness at half the orbital period. We also detect a signal at the second harmonic of undetermined origin at 2.9σ significance.
• The relatively small day-night temperature contrast indicates efficient heat transport, confirming the previously suggested turnaround in the trend of heat recirculation efficiency with increasing dayside irradiation level. The muted temperature contrast on KELT-9b is consistent with the effect of H 2 dissociation and recombination (Bell & Cowan 2018; Komacek & Tan 2018) .
• The hot nightside temperatures of KELT-9b deviates strongly from the nearly flat trend of nightside temperatures reported by Keating et al. (2019) . The elevated nightside temperature precludes the formation of condensate clouds on the planet's nightside and is consistent with an atmospheric composition of roughly equal parts molecular and atomic hydrogen.
• Both the emission and transmission spectra of KELT-9b are predicted to be featureless, with the former resembling a simple blackbody, and the latter displaying a rising slope throughout the nearinfrared due to H − opacity.
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